Antibiotic-resistant bacteria threaten life worldwide. Although new antibiotics are scarce, the use of bacteriophages, viruses that infect bacteria, is rarely proposed as a means of offsetting this shortage. Doubt also remains widespread about the efficacy of phage therapy despite recent encouraging results. Using a bioluminescent Pseudomonas aeruginosa strain, we monitored and quantified the efficacy of a bacteriophage treatment in mice during acute lung infection. Bacteriophage treatment not only was effective in saving animals from lethal infection, but also was able to prevent lung infection when given 24 h before bacterial infection, thereby extending the potential use of bacteriophages as therapeutic agents to combat bacterial lung infection.
Pulmonary infections are one of the major causes of mortality worldwide. Each year it is estimated that ∼2 million children !5 years old die of acute respiratory infections [1] . Furthermore, the number of bacterial infections is probably increasing because of resistance to antibiotics. Opportunistic pathogens are becoming increasingly resistant to multiple antibiotics, which urges us to seek other therapeutic approaches, since new antibacterial compounds are scarce [2] .
Phage therapy is one of several potential therapeutic approaches and has been considered since the late 1980s [3] [4] [5] [6] . Bacteriophages are viruses that target and infect only bacteria. Since the middle of the 20th century, studies of bacteriophages have helped to elucidate fun-termine whether a natural bacteriophage isolated from the environment could be suitable for therapeutic use in an animal lung infection model. We used a bioluminescent P. aeruginosa strain to record a real-time view of the lung infection, thus allowing us to monitor the spatial and temporal development of infections in small live animals [17] . This made it possible to quantify the efficacy of bacteriophage treatment in live animals, which unambiguously demonstrates its potential to treat bacterial lung infections.
MATERIALS AND METHODS
P. aeruginosa strains. The bioluminescent PAK strain (PAK lumi) used in this study has been described elsewhere [18] and was kindly provided by R. Ramphal (Gainesville, FL). We obtained 10 primary colonization strains and 10 chronic colonization strains of P. aeruginosa from the French cystic fibrosis strain collection center (P. Plésiat, Grenoble, France).
Bacteriophage isolation, preparation, and characterization. The PAK-P1 bacteriophage was isolated from sewage water as described in the Appendix, which appears only in the online version of the Journal. Large-scale preparation of bacteriophages was performed from 1 L of liquid culture as described by Boulanger [19] . For the animal experiments, bacteriophages prepared by cesium chloride ultracentrifugation were diluted in phosphate-buffered saline (PBS).
Plaque assays were performed to determine plating efficacy on clinical strains of P. aeruginosa according to standard protocols.
Electron microscopic analysis was performed on cesium chloride bacteriophage preparations [20] , and observations were made after uranyl acetate staining with a JEOL 1200 EXII electron microscope.
Genome sequencing (20ϫ coverage) was performed by Eurofins using 454 technology on DNA obtained by means of standard procedures. The complete genome sequence of the PAK-P1 bacteriophage is accessible in GenBank (accession no. GQ422154).
The microsequence of the major capsid protein was determined by the Institut Pasteur microsequencing facility after the separation of whole bacteriophage proteins on a sodium dodecyl sulfate gel followed by in-gel trypsin digestion. Peptides were identified only after adding the genomic sequence of the PAK-P1 bacteriophage to the peptide identification database. The 38 fully sequenced P. aeruginosa bacteriophage genomes are available on the National Center for Biotechnology Information Web site (http://www.ncbi.nlm.nih.gov/genomes/ genlist.cgi?taxidp10239&typep6&namepPhages).
Ethics statement. Mice (8-week-old Balb/c males) were supplied by the Centre d'élevage R. Janvier and housed in an animal facility in accordance with Institut Pasteur guidelines and in agreement with European recommendations. Food and drink were provided ad libitum.
Animal infections. Mice were anesthetized by intraperitoneal injection of a mixture of ketamine-xylazine before being infected. The infectious dose was luminescent bacteria 7 1 ϫ 10 resuspended in 50 mL of PBS. In curative experiments, 2 h after bacterial instillation the bioluminescence was recorded and 30 mL of bacteriophages were applied intranasally while the mice were still asleep (isofluorane inhalation). In preventive experiments, 24 h before infection the animals received intranasally 30 mL of bacteriophages or PBS while under a light anesthesia by means of isofluorane inhalation.
Luminescence measurements. Photon emission of the luminescent bacteria in the lungs of infected mice was quantified using an IVIS 100 imaging system (Xenogen Biosciences). After infection, mice were anesthetized by means of isofluorane inhalation, and the luminescence of the bacteria was recorded by means of a charge-coupled device camera coupled to the LivingImage software package (version 3.1; Xenogen). A digital false-color photon emission image was generated, and photons were counted within a constant-defined area corresponding to the surface of the chest and encompassing the whole lung region. All data were normalized by subtracting the average background level obtained from noninfected animals. Photon emission was expressed as photons/s/cm 2 /steradian. Images shown for each experiment were directly taken from the LivingImage software, in which the color scale was identical for each individual image.
Bronchoalveolar lavage and inflammation analyses. Bronchoalveolar lavages (BALs; 4 lavages of 0.5 mL each) were performed at the indicated time points after infection following euthanasia (intraperitoneal administration of pentobarbital). One part of the BAL fluids was centrifuged at 1400 rpm for 10 min, and then murine cytokine concentrations were determined using DuoSet enzyme-linked immunosorbent assay kits (R&D Systems). Another part of the BAL fluids was centrifuged at 6000 rpm for 10 min, and supernatants were diluted and spotted on plates overlaid with the PAK strain to determine the amount of free bacteriophages, whereas pellets were resuspended in PBS and serial dilutions were plated on Luria-Bertani agar plates to determine viable bacterial counts.
Statistical analysis. P values were calculated with the unpaired t test, using XLStat software (version 2008.7; Addinsoft). Data are given as mean ‫ע‬ standard error of the mean.
RESULTS

Dose
-and time-dependent effect of bacteriophages on infected mice. We isolated from sewage water a bacteriophage specific to the PAK strain of P. aeruginosa, which we named PAK-P1 (see below for characterization). To ascertain the effect of the [35] ) was set to bacteria, because we found 7 1 ϫ 10 that 100% of mice survived challenge by bacteria for up to 4 6 5 ϫ 10 days and that a dose of bacteria was 100% lethal within 24 PAK-P1 bacteriophage on infection in a live animal lung infection model, mice were infected with the bioluminescent PAK strain and then treated with bacteriophages. Both bacteria and bacteriophages were administered by means of intranasal instillation. After a preliminary experiment that showed that the PAK-P1 bacteriophage was active in vivo by delaying the death of highly infected animals (data not shown), an experiment was designed to determine the amount of this bacteriophage required to fully cure infected mice ( Figure 1A ). Although nonphage-treated mice died within 48 h after inoculation with PAK (most of them were still alive after 24 h), mice treated with bacteriophages in a phage-to-bacterium ratio of 1:10 died within 5 days after inoculation with PAK. Mice treated with higher bacteriophage-to-bacterium ratios (1:1 and 10:1) survived until the end of the experiment (12 d). In 2 independent experiments, 100% of the animals treated with the 10:1 dose survived, whereas 100% and 80% of the animals treated with the 1:1 dose survived, which led us to choose the bacteriophageto-bacterium ratio of 10:1 as the standard dose for future experiments.
An active bacteriophage was required to cure the animals. Mice treated with a solution of heat-killed PAK-P1 bacteriophage 2 h after infection died at the same rate as did untreated animals (data not shown). Moreover, to determine whether PAK-P1 bacteriophage treatment was harmless to animals, an intranasal dose that was 10 times higher than that defined above as the standard dose was administered to a group of mice ( ), and their behavior was monitored for 10 days. These n p 8 mice did not show erratic behavior, their fur remained regular, and they gained weight, which suggests that the bacteriophage solution had no adverse affect on them.
The rate at which the PAK-P1 bacteriophage was able to eliminate bacteria in vivo was estimated by quantifying the light emitted by the bioluminescent bacteria in live animals during the first hours of infection ( Figure 1B ). Animals were first inoculated with the PAK strain and then with the PAK-P1 bacteriophage 2 h later. Between 2 and 4 h after bacterial infection, the amount of light emitted from the phage-treated mice and the amount of light emitted from the non-phage-treated mice showed no statistically significant difference, demonstrating that the initial evolution of the infection was similar in both groups during the first 4 h ( Figure 1C) . However, at the 6 h time point (ie, 4 h after the bacteriophage was administered), the amount of light emitted from phage-treated mice was statistically significantly reduced compared with the amount of light emitted from the non-phage-treated mice, suggesting rapid killing of bacteria by bacteriophages. At 24 h after the start of infection, phage-treated mice showed no or only weak spots of light, whereas non-phage-treated mice were dead or highly luminescent (data not shown). This suggests that the amount of bacteria is strongly reduced in phage-treated animals, and thus they can survive lethal bacterial challenge.
We measured the bacterial load and bacteriophage amounts in BALs after 24 h of infection. As expected, no bacteriophage was detected in BALs of non-phage-treated mice, and the average amount of bacteria was bacteria/mL ( ). 8 1.6 ϫ 10 n p 2 In contrast, only bacteria/mL, together with 2 7 1.5 ϫ 10 2 ϫ 10 bacteriophages/mL, was recovered from BALs of phage-treated mice ( ). In comparison, PAK-P1 bacteriophage was den p 4 tected at a concentration of bacteriophages/mL in 6 3.1 ϫ 10 BALs of uninfected phage-treated mice ( ), which conn p 4 firmed that bacteriophages multiplied inside the lungs of both infected and uninfected bacteriophage-treated animals.
In the above experiments, bacteriophage solutions were instilled 2 h after inoculation with the bacteria, but this time point might not correspond to an infection status. To gain more insight about this infection status, we measured the level of lactate dehydrogenase (an enzyme released when the cell in- tegrity is damaged) present in BALs 6 h after the infection was initiated. Compared to controls (PBS-treated mice and mice treated with bacteriophage only), levels of lactate dehydrogenase in both non-phage-treated mice and phage-treated mice were 3.7-fold and 3.1-fold higher, respectively, showing clearly that at this time point the lung damage was equivalent in these 2 groups of infected animals (data not shown).
Reduction of inflammatory response after bacteriophage treatment. We hypothesized that if bacteriophages are able to kill bacteria in vivo, leading to a reduction in the amount of these bacteria in the lungs, then the inflammatory response (the first line of host defence against invading pathogens) should be lower. At 24 h after infection the levels of 2 inflammatory markers, tumor necrosis factor a (TNF-a) and interleukin 6 (IL-6; known to be induced by a bacterial challenge) were evaluated in BALs from non-phage-treated mice and phage-treated mice (Figure 2 ) [21] [22] [23] . Both IL-6 and TNF-a increased in PAK-infected animals (both those treated with bacteriophage and those not treated with bacteriophage) compared with noninfected controls, confirming that the infection had started in both groups. However, these levels were statistically significantly reduced in the bacteriophage-treated group in comparison with the untreated group, confirming that reduction of the number of bacteria by bacteriophage treatment attenuated the host inflammatory response. At 48 h after infection, IL-6 and TNF-a levels returned to the baseline values in the phage-treated group (data not shown). It should also be noted that the levels of IL-6 and TNF-a were as low in the noninfected animals treated with the bacteriophage solution as the levels in the animals that received PBS solution, which shows that bacteriophages alone did not seem to stimulate an inflammatory response (Figure 2) .
Timing of the bacteriophage treatment. We next determined the maximum possible delay of bacteriophage treatment to maintain an animal survival rate of 100% by administering treatment at 2, 4, or 6 h after infection. Although 100% of mice survived in the group treated with phages 2 h after infection, at 24 h only 75% of mice were still alive in the groups treated 4 or 6 h after infection. At 72 h, survival was close for the 2 h group (100% of mice) and 4 h group (75% of mice) but had dropped to 25% for the 6 h group ( Figure 3A) . These results could be anticipated on examination of the bioluminescence images at early time points ( Figure 3B ). These experiments showed that bacteriophage treatment had to be given 2 h after infection to reach 100% survival in infected animals.
Bacteriophage efficacies on clinical strains. To estimate the host range of the PAK-P1 bacteriophage against clinical strains, we determined its efficacy against a panel of 20 P. aeruginosa strains isolated from patients with cystic fibrosis. We tested 10 strains from patients with primary colonization and 10 strains from patients with chronic colonization. The PAK-P1 bacteriophage was able to effectively lyse 50% of the primary colonization strains, but it only moderately lysed 10% of the chronic ones (Table 1) .
No development of infection in bacteriophage-treated mice. Because bacteriophages administered in uninfected animals persisted in reasonable amounts inside the lungs for at least 24 h, we tested whether bacteriophage pretreatment would prevent subsequent infection. Two groups of mice, 1 group treated intranasally with PAK-P1 bacteriophages and 1 group of light emitted from mice in the bacteriophage-pretreated group was ∼5 times lower than that emitted from mice in the buffer-pretreated group (Figure 4 ). Monitoring at the next time points confirmed that the bacterial load decreased in bacteriophage-pretreated animals and increased in buffer-pretreated animals ( Figure 4) . Finally, 100% of bacteriophage-pretreated animals survived until the end of the experiment (16 d), whereas 100% of untreated animals died within 2 d. Genome sequence and characterization of the PAK-P1 bacteriophage. Electron microscopic observations revealed that the PAK-P1 bacteriophage is a member of the Myoviridae family, the same family as bacteriophage T4 of Escherichia coli ( Figure 5 ) [13] . According to a recent proposal for a rational scheme for the nomenclature of viruses [24] , this bacteriophage should be named "vB_PaeM_PAK_P1," which we have abbreviated as "PAK-P1" in this paper. Full genome sequencing of the PAK-P1 bacteriophage was performed. Compared with the genome sizes of the 38 fully sequenced P. aeruginosa bacteriophages, the size of the PAK-P1 bacteriophage genome (93,398 nucleotides, between the size of the LMA2 bacteriophage genome [66,530 nucleotides] and that of the EL bacteriophage genome [211,215 nucleotides]) suggested that it was a potentially new P. aeruginosa bacteriophage. The nucleotide sequence in the 6 frames was translated, and every open reading frame (ORF) у60 amino acids was used as a query for Basic Local Alignment Search Tool for Proteins (BLASTP) against the Classification of Mobile Genetic Elements (ACLAME) database [25, 26] . Results were scanned to match the following keywords: integrase, recombinase, repressor, and excisionase (considered as markers of temperate bacteriophages; see the Appendix, which appears only in the online version of the Journal). No statistically significant BLASTP similarity was identified. Consequently, the PAK-P1 bacteriophage should be considered as a virulent bacteriophage. We also analyzed the major capsid protein by means of mass spectrometry ( Figure 5 ). An ORF of 344 amino acids (39.4 kDa) was then identified as the major capsid protein ( Figure 5) . A BLASTP search against the nr database (National Center for Biotechnology Information) revealed similarities with several putative bacteriophage-related proteins (the best result showed 33% identity with an E value of ), among which only 1 was annotated as a capsid
Ϫ41
4 ϫ 10 protein of the Felix 01 bacteriophage (with 28% identity and an E value of ) ( Figure 5 ). This result demonstrates
Ϫ30
6 ϫ 10 that the PAK-P1 bacteriophage is composed of a novel major capsid protein. Taken together, these data confirm that the PAK-P1 bacteriophage is a new virulent bacteriophage of P. aeruginosa.
DISCUSSION
Our experiments demonstrate that noninvasive bioluminescence technology is remarkably useful for assessing the efficacy of bacteriophage treatment and especially for studying infection kinetics at early time points without sacrificing animals. For example, in the time course of the experiment to determine the optimal time for administering bacteriophage after the onset of infection, bioluminescence images helped us to understand why early bacteriophage inoculation (2 h after infection) was so important in resolving PAK infection. It is during this early infection stage (as confirmed by the lactate dehydrogenase levels) that the multiplication of bacteria is fastest. Under such conditions, susceptibility of bacteria to bacteriophage infection is also at its highest. Thus, infection is rapidly reduced with a reduction of the inflammatory response in the host, as shown by the levels of IL-6 and TNF-a. This is an advantage because excess inflammatory response can be harmful [21] [22] [23] . The rapid efficacy of bacteriophages in killing bacteria inside lungs suggests that there is no specific cellular factor (eg, proteases) that is active enough to prevent bacteriophages from infecting bacteria. Hence, it is anticipated that a bacteriophage determined to be efficacious in vitro might be efficacious in vivo. This hypothesis still needs to be proved, and if it were confirmed for the lungs it might not necessarily apply to other organs. Our data also agree with a mathematical model for bacteriophage therapy that was recently proposed by Cairns et al [27] .
The PAK-P1 bacteriophage described in this paper was more efficacious against clinical strains isolated from patients with primary colonization than against strains from patients with chronic infection, which accords with the fact that the bacteriophage was isolated from planktonic cultures. In the case of chronic infection, the bacteriophage described here is probably not the most appropriate. For such situations more adequate bacteriophages should be specifically isolated, or existing bacteriophages could be "selected" by cultivating them on bacteria growing in biofilms to make them more efficacious [28, 29] . Hanlon et al [30] demonstrated that bacteriophages were active on P. aeruginosa biofilms made of alginates by taking advantage a depolymerase enzyme released by lysed bacteria.
Our choice to use a natural route for both infection and treatment allowed us to demonstrate that the respiratory tract from the upper parts to the lower parts could be treated with bacteriophages. More interestingly, we demonstrated that bacteriophages can actively prevent an infection from occurring and provide 100% protection when given 24 h before a deadly bacterial challenge. Our results showed that bacteriophages are not rapidly eliminated in the lungs. Such an effect was not anticipated, because it is generally reported that bacteriophages are quickly eliminated from the body [31] . This observation suggests that a preventive treatment might still be efficacious if bacteriophages are given 48 or 72 h before the start of infection, or if the amount of bacteriophages is decreased when given 24 h before infection. Such possibilities will expand the applications of bacteriophages to prevent infections from oc-curring. On the basis of the low level of cytokines induced by the bacteriophage solution, it is tempting to consider that the preventive effect is only due to bacteriophages rather than due to an inflammatory reaction. However, we cannot exclude the possibility that bacteriophages could induce phagocytic activity of cells such as macrophages toward bacteria (which may not necessarily require cytokine production). Infection of bacteria by in-site bacteriophages decreases rapidly the amount of pathogenic bacteria, reducing chances for the bacteria to start an active infection process and provoke lung damage. Recently, Golshahi et al [32] provided evidence that bacteriophages given by means of nebulization should be efficiently distributed in the lungs, which accords with the preventive effect we described. Taken together, these results clearly open the possibility of using bacteriophages in the prevention of bacterial lung infections. For example, one possibility is pretreatment of populations at risk for such infections (immunocompromised patients or patients with cystic fibrosis) to decrease the probability of infection in places where patients are more likely to be infected by bacteria (eg, care centers or hospitals). This is particularly relevant in situations in which an epidemic strain has been identified and for which preventive treatment with specific bacteriophages could be used to limit its spread. Such epidemic strains have been reported previously for P. aeruginosa in centers for treatment of cystic fibrosis [33] . Another situation in which a preventive treatment could be proposed is an influenza pandemic. According to recent studies, a predominant cause of death during the 1918 influenza pandemic was pneumonia rather than influenza itself [34] . A preventive bacteriophage treatment against pneumonia using a bacteriophage cocktail that targets the most prevalent lung pathogens could be envisaged in the case of a new influenza pandemic and could probably substantially decrease the number of deaths.
For obvious reasons, the genome sequence of a natural bacteriophage that could be considered for therapeutic use should be determined. However, complete annotation of a bacteriophage genome requires in-depth bioinformatics analysis, because gene-coding sequences found in bacteriophages are highly variable; moreover, few bacteriophage genomes have been analyzed in depth. Instead, here we propose a brief analysis aimed at confirming the virulent nature of the bacteriophage. Taking advantage of the ACLAME database, we determined that among all potential ORFs in the 6 reading frames, no significant match to proteins annotated as integrase, repressor, transposase, and excisionase was found. Because the purpose of the ACLAME database is to collect and annotate all proteins from mobile genetic elements, we assessed from our analysis that the PAK-P1 bacteriophage is not a temperate bacteriophage. Finally, the identification of the major capsid protein confirmed that the PAK-P1 bacteriophage is a new virulent bacteriophage of P. aeruginosa.
In conclusion, our work supports the potential use of bacteriophages to fight pathogens involved in lung infections and to develop an application to prevent such infections from occurring. Moreover, with the use of bioluminescent bacteria it is now possible to compare several bacteriophages (using a small number of animals) in order to establish a classification of candidates for therapeutics based on their real in vivo efficacy instead of their in vitro performance.
